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Background: At present, people are susceptible to developing depression and anxiety disorders in response to stress. However, there
is no specific medicine for anxiety. Os Draconis (OD, named “Long gu” in Chinese) are fossilized bones that have been used in
traditional Chinese medicine to treat neurological diseases for thousands of years. Thus, we conducted this study to determine the
biological basis for the anxiolytic effect of OD.

Methods: In this study, novel carbon dots (OD-CDs) from OD decoctions were discovered and separated. OD-CDs were anatomized
using nanomaterials characterization methods to characterize the morphological structure, optical properties, and functional group
properties. Four behavioural tests were conducted to observe the behavioural activities of mice, including the open field test (OFT),
light/dark box test (LDT), elevated plus maze test (EPMT), and novelty-suppressed feeding test (NSFT), to determine its anxiolytic
effects. Moreover, we assessed the possible mechanisms of the OD-CDs by detecting hormones associated with the hypothalamic-
pituitary-adrenal (HPA) axis.

Results: OD-CDs were spherical and monodispersed with a narrow size distribution between 1 and 5 nm and had a yield of 3.67%.
OD-CDs increased the activity time of mice in the central zone in the OFT. The mice in the experimental group showed more frequent
activity in the light compartment and the open arms, in LDT and EPMT, respectively. In addition, OD-CDs shortened the feeding
latency in the NSFT. Furthermore, the results after OD-CDs intervention showed a significant increase in serum serotonin (5-HT) and
norepinephrine (NE). In addition, the concentrations of corticotropin-releasing hormone (CRH), adrenocorticotropic hormone (ATCH),
and corticosterone (CORT) were decreased.

Conclusion: These results demonstrate a definite anxiolytic effect of OD-CDs and reveal the possible mechanism of action of OD-
CDs’ anxiolytic effect, which supports the research of OD for neurological disorders and a promising new trend of therapeutic
approach and drug development.
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Introduction

Anxiety disorders are among the most common neuropsychiatric disorders affecting all age groups in modern life.
Because the incidence of anxiety disorders has been constantly growing,' it has become a global problem; the WHO
ranked anxiety disorders as the ninth leading health-related cause.* Anxiety disorders are often closely associated with
depression, whose mechanisms have not yet been clarified. Benzodiazepines have been widely used to treat several forms
of anxiety. However, these compounds have well-known side effects, such as amnesia, muscle relaxation, and depen-
dence potential.” Currently, the commonly used and effective anti-anxiety drugs are primarily selective serotonin
reuptake inhibitors (SSRIs) and serotonin noradrenaline reuptake inhibitors (SNRIs). Although both can reduce patients’
anxiety symptoms to some extent, these drugs often require a long duration of treatment over weeks. The occurrence of
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possible early exacerbation of symptoms and adverse reactions, for instance, emotional abnormalities, withdrawal
reactions, and suicidal tendencies affect patient compliance. Such a situation has prompted the research of other more
effective and safer anxiolytic drugs.®’

As a member of nanomaterials, carbon dots (CDs) were first discovered during the purification of single-walled
carbon nanotubes via preparative electrophoresis in 2004.® Due to its special structure and characteristics, it has become
a hot spot for research because of its biological effects on the body. As a new carbon source, the preparation of charcoal
medicine has a long history in Chinese medicine, and the extraction of nanocomponents from it is facile, economical,
simple, and easy to synthesize.” "' Our research team has found a variety of carbon dots from herbal charcoal medicines
that have different pharmacological activities. For instance, semi-carbonized nanodots derived from Atractylodes
macrocephala show a positive anti-gastric ulcer effect.'® Carbon dots derived from Crinis Carbonisatus (CrCi-CDs)
exert neuroprotective effects by reducing neuroexcitatory toxicity.'® It follows that some nanoparticles have a therapeutic
effect on neurogenic diseases. For example, aggregated single-walled carbon nanotubes attenuate the impact of metham-
phetamine on behaviour and neurochemistry in mice.'* Other studies have found the distribution of carbon nanocon-
stituents in the nervous system and its neuroprotective effects.'>'®

Os Draconis (OD), named “Long gu” in Chinese, is a traditional fossilized medicine used widely as a tranquilizer in
China. It was originally described in “Shennong’s Herbal Classic of Materia Medica”, which was written before the Han
Dynasty, and used for over 2000 years in traditional Chinese medicine (TCM).'”"'® Moreover, pharmacological studies
and considerable clinical research have shown that OD could be used to treat neurological diseases, such as anxiety,
depression, and insomnia.'” OD has been shown to have anti-anxiety effects but the material basis has not yet been
elucidated. Still there are few reports on whether the carbon dots inside Os Draconis are active substances. This led us to
further study this new substance and confirmed carbon dots (CDs). For the first time, we found nanoparticles in the OD.

In this study, we separated and characterized Os Draconis carbon dots (OD-CDs) from the OD. Furthermore, we
evaluated the anxiolytic effect of OD-CDs and found underlying anxiolytic mechanisms through animal behavioural
tests.

Materials and Methods

Chemicals

OD was purchased from BEI JING Qian Cao Traditional Chinese Medicine Co., Ltd (Beijing, China). Diazepam (DZP)
was purchased from Yimin Pharmaceutical Factory (Beijing, China). A dialysis membrane with a 1000 Da molecular
weight cut-off (MWCO) was obtained from Beijing Ruida Henghui Technology Development Co., Ltd (Beijing, China).
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CCK-8 was purchased from Dojindo Molecular Technologies, Inc. (Kumamoto, Japan). The CCK-8 assay was obtained
from Dojindo Molecular Technologies, Inc. (Kumamoto, Japan). Enzyme-linked immunosorbent assay (ELISA) kits
measuring the concentrations of serotonin (5-HT), norepinephrine (NE), corticotropin-releasing hormone (CRH), adre-
nocorticotropic hormone (ATCH), and corticosterone (CORT) were purchased from Cloud-Clone Corp. (Katy, TX,
USA). All experiments were performed using deionized water (DW).

Animals

Male ICR mice (25.0 + 2.0 g) were purchased from SPF (Beijing) Biotechnology Co., Ltd. All mice were maintained
under the following conditions: ambient temperature, 24.0 + 1.0 °C, relative humidity 55-65%, and a 12-h light/dark
cycle with ad libitum access to food and water. Food was withdrawn from the mice 60 min before drug treatment.
Behavioural experiments were performed in a quiet laboratory between 17:00-22:00. The experimental procedures were
approved by the Committee of Ethics of Animal Experimentation of Beijing University of Chinese Medicine (BUCM)
and by the Health Guide for Care and Use of Laboratory Animals.

Preparation of OD-CDs

First, the OD was smashed into a fine powder in a grinder (SL-500A, Zhejiang Song Qing Metal Technology Co., Ltd.,
China). Next, fine OD powder was soaked in DW and boiled three times for 1 h to separate and obtain the OD decoction.
Finally, the resulting solution was filtered to remove residues, concentrated, and dialyzed with DW for 96 h using a 1000
Da MWCO dialysis membrane to purify the OD-CDs. All the purification procedures for the OD-CDs were performed
using DW. The entire preparation process for the OD-CDs is shown in Figure 1.

Characterization of OD-CDs

The morphology and microstructure of OD-CDs were characterized by transmission electron microscopy (TEM, Tecnai
G2 20, FEI Company, OR, USA) at an accelerating voltage of 200 kV. The structural details and the atomic lattice fringes
of OD-CDs were examined by high-resolution TEM (HRTEM, JEN-1230, Japan Electron Optics Laboratory, Japan),
transmission electron microscopy (TEM), and high-resolution TEM.
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Figure | Flow diagram of the Os Draconis carbon dots (OD-CDs) preparation process.
International Journal of Nanomedicine 2022:17 https: 4977

Dove:


https://www.dovepress.com
https://www.dovepress.com

Chen et al Dove

The spectral properties of the OD-CDs were investigated using ultraviolet-visible spectroscopy (UV-vis, CECIL,
Cambridge, UK) and fluorescence spectroscopy (F-4500, Tokyo, Japan) in a standard quartz cuvette. Moreover, the
Fourier transform infrared (FTIR, Thermo, California, USA) spectra were recorded to analyse the organic functional
groups in the OD-CDs within a spectral window of 400-4000 cm™'. Raman spectra were acquired by using a Renishaw
(in Via plus) Raman microscope with 785 nm wavelength incident laser light. To obtain X-ray diffraction (XRD)
patterns, an X-ray diffractometer (D8-Advanced X-ray diffractometer, Bruker AXS, Karlsruhe, Germany) with Cu
Kalpha radiation was applied. The surface composition and elemental analysis of the OD-CDs were recorded using
X-ray photoelectron spectroscopy (XPS, ESCALAB 250 Xi, Thermo Fisher Scientific, Fremont, CA, USA) and a mono
X-ray source Al Kl excitation (1486.6 e¢V).

Quantum Yield (QY) of OD-CDs

The fluorescence QY of the OD-CDs was measured using quinine sulfate (% QY was 54 in a 0.1 M sulfuric acid [H,SOy4]
solution) as a standard sample and calculated using the following equation:

Icps  Ar y NEps

X

s — X
Qcns = Or I~ Acps  nh

where “Q” represents “QY”, “I” is the integrated area under the emission spectrum, “A” is the absorbance at 350 nm
wavelength, and “n” is the refractive index of the solvent.”® The subscripts “CDs” and “R” refer to the OD-CDs and
standard, respectively. To minimize the reabsorption effect, the Agr and Acps were maintained below 0.05.

Behavioural Tests

Male mice were assigned to perform the behavioural tests. Each group was used in one of the tests, the open-field test
(OFT), light/dark box test (LDT), elevated plus maze test (EPMT), and novelty-suppressed feeding test (NSFT), with no
mice being exposed to more than once. Animals were habituated to experimental conditions 60 min before testing.
Animals were injected intraperitoneally as indicated: control (normal saline [NS]), DZP (2 mg/kg), and low-dose -,
medium-, and high OD-CDs (10, 20, and 40 mg/kg, respectively). All the behavioural tests were performed on the
7th day of pretreatment. On Day 8, OD-CDs and DZP treatment were administered 50 and 30 min, respectively, before
behavioural tests. After each experiment, the apparatus was thoroughly cleaned with 75% ethanol to obviate any possible

bias caused by odour cues from previous animals.

Open Field Test

The OFT apparatus was a nontransparent container (50 cm x 50 cm % 30 cm), with a black floor divided into 25 zones (10 cm
% 10 cm). The container was illuminated by a 60 W floor lamp, which provided illumination in the testing room only. On the
ceiling, a digital camera controlled by the computer was placed 2.6 m above the centre of the container. The 16 zones that
were adjacent to the walls represented a safe area (peripheral area), and the 9 zones in the centre represented an exposed area
(central area). Each mouse was individually placed in the centre of the container and allowed to explore the container freely
for 5 min.?' In addition to locomotor activity, time spent in the centre area of the open field, and total movement distance
parameters were assessed to index anxiety levels.”” The OFT test was recorded using a digital camera on the ceiling and

videos were analysed using EthoVision XT 7 software (Noldus Information Technology, Wageningen, Netherlands).

Light/Dark Box Test

The LDT apparatus was a rectangular Plexiglas box (60 cm x 45 cm x 35 c¢m) divided into light and dark compartments,
with 1/3 transparent and 2/3 printed black. The transparent compartment was lit using a 60 W lamp. These compartments
were separated by a baffle with a square opening (4 cm x 4 cm) at floor level.”*** Each mouse was individually gently
placed in the centre of the light compartment, facing the opening. Each animal was video monitored for 5 min and the
time spent in the light compartment was analysed.”’
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Elevated Plus Maze Test

The EPMT apparatus mainly consisted of two nontransparent opposite open arms (30 cm x 5 ¢cm) and two opposite
closed arms (30 cm X 5 cm x 25 c¢cm) in a cross configuration. The arms were connected to a central platform (5 cm x
5 cm), and the apparatus was elevated 45 cm above the floor. The maze was illuminated by a 60 W floor lamp. A digital
video was suspended above the maze to record the movements of the mice. Each mouse was gently placed in the centre
of the platform facing an open arm, video recorded for 5 min. The ratio of time spent in open arms [(open arm times/total
times) x 100] was calculated from video recordings to study the anxiolytic-like activity in the mice.*® If a mouse fell
from the maze, it was removed from the experiment.

Novelty-Suppressed Feeding Test

Because of the contradiction between the anxiety of the experimental animals (due to being in a new environment) and
the drive of food temptation, the degree of anxiety can be judged according to the latency of approaching and eating the
food, which is described as an essential method for the study of the efficacy of anti-anxiety drugs.?”*® Five identical
arenas (40 cm x40 cm %30 cm) were placed in a quiet and bright environment, with a red piece of paper of the same size
placed in the centre of the arena where a piece of feed was positioned on. Mice were tested after 24 h of fasting. When
starting, mice were placed from one corner of the arena and the time taken to approach the food with the first bite was
recorded. The cut-off time was 300 s for each mouse. At the end of each experiment, the paper and feed were replaced
and the arenas were cleaned with 75% alcohol.

Neurotransmitter and HPA Hormone Assay

Serum and Brain Tissue Collection

After the behavioural tests, the mice were allowed to recover for 24 h before blood collection. On Day 8, OD-CDs were
administered 50 min and DZP 30 min before sample collection. Blood samples were collected into a centrifuge tube and
allowed to clot for 2 h at room temperature, and later centrifuged for 10 min at 3000 r/min at 4 °C to obtain serum. After
blood collection, brain tissue was carefully peeled out of the hippocampus and cerebral cortex in mice after decapitation
on ice. Samples were stored at —80 °C for subsequent factor analysis.

Neurotransmitter and HPA Hormone Detection

The concentrations of 5-HT, NE, CRH, ATCH, and CORT were determined using an enzyme-linked immunosorbent
assay (ELISA) method. Mouse ELISA kits were used according to the manufacturer’s instructions. The optical density
(OD) was measured at a wavelength of 450 nm using a microplate reader (Biotek, VT, USA).

Cell Viability Assay
The cytotoxicity of OD-CDs was assessed in RAW 264.7 cells using a CCK-8 assay.?’ Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 20% foetal bovine serum in a humidified 5% CO, atmosphere.
The temperature of the incubation environment was maintained at 37 °C. Cells were counted and seeded in 96-well plates
at a density of 1 x 10°/well with 100 uL medium per well. After incubation for 24 h, 100 pL with varying concentrations
of OD-CDs (10,000, 5000, 2500, 1250, 625, 312.5, 156.25, 78.13, and 39.06 pg/mL) was added to the designated wells.
Next, cells with OD-CDs were cultured for 24 h. Following this, cells were washed twice with PBS, and 100 uL/well
CCK-8 solution (Vcck.g: VDMEM=1:9) was added for an additional 4 h incubation. Finally, a microplate reader (Biotek,
Winooski, VT, USA) was used to detect the optical density (OD) of each well at a wavelength of 450 nm. Cell viability
was calculated using the following formula:

Cell viability (% of control) = (Ae-Ab/Ac-Ab) x 100.

Ae, Ab, and Ac represent the A450 of the experimental, blank, and control groups, respectively. The experiments
were performed on three independent samples.
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Statistical Analysis

Statistical analyses were performed using the statistical package for the social sciences (SPSS, version 19.0, Chicago, IL,
USA). Normally distributed data with equal variances are expressed as the mean + standard deviation. Multiple
comparisons were performed using a one-way analysis of variance (ANOVA) followed by the least significant difference
test. Nonnormally distributed data are expressed as the median (quartile range). The within-group differences were
assessed using a nonparametric test, while a Wilcoxon signed-rank test was used to compare two groups. Data were
plotted using a box plot. P < 0.05 and P < 0.01 were considered statistically significant.

Results

Characterization of OD-CDs

As shown in Figure 2A, the typical TEM image of the OD-CDs showed that CDs with an average particle diameter of
2.75 nm (Figure 2B) were nearly spherical and well separated from each other. Furthermore, as shown in Figure 2C, the
HRTEM image revealed that CDs had a lattice spacing of 0.233 nm.
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Figure 2 Characterization of Os Draconis carbon dots (OD-CDs). (A) Transmission electron microscopy (TEM) image. (B) TEM size distribution. (C) High-resolution TEM
(HRTEM) image. (D) Ultraviolet-visible (UV-vis). (E) Fluorescence spectra and spectrum. (F) Fourier transform infrared spectroscopy (FTIR) spectrum. (G) Raman
spectrum. (H) X-ray diffraction pattern.
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The aqueous OD-CDs solution exhibited a broad absorption spectrum, and had a weak adsorption peak at 270 nm,
which can be ascribed to the m—nt* transition of the aromatic C=C bond by UV-vis absorption spectroscopy (Figure 2D).%°
The fluorescence spectra of OD-CDs show a maximum emission at 470 nm with excitation at 357 nm (Figure 2E). The
QY of the OD- CDs was determined to be 3.67%.

The FT-IR spectra were acquired to determine the surface and functional groups. CD-CDs exhibited characteristic
peaks at 3431 cm™ !, 2925 cm ™', 2853 ecm ™', 1635 cm ',1399 cm™',1086 cm™ " and 459 cm ™' in the purified OD-CDs
(Figure 2F). The peak at 3431 cm ™' was assigned to O—H bonds, while peaks at 2925 cm ™" and 2853 cm ™' reflected C—H
bonds. The peak at 1635 cm™ " was assigned to C=0 bands. Small bands at 1399 cm ' reflected C-N stretching, while the
broad peak at 1086 cm ™' indicated C—-O stretching.

Figure 2G shows the D band (peak at 1354 cm™ ") and G band (peak at 1559 cm™ ') regions of OD-CDs by the Raman
spectrum, and the latter is related to the vibration of sp*-bonded carbon atoms. The intensity ratio of the D and G bands
(Ip/I) was 0.66, which indicates higher content of amorphous carbon in OD-CDs.”’

XRD spectrum showed a distinct diffraction peak for OD-CDs (26=22.765°), indicating that OD-CDs are mainly
amorphous carbon and the atomic lattice spacing was 0.390 nm by using MDI Jade 6 software. Also, it showed that OD-
CDs probably present crystal structures associated with Ca elements in the spectrum (Figure 2H).

The surface composition and elemental analysis of the prepared OD-CDs were characterized by the XPS technique.
The result showed that there are four peaks at 284.8, 531.8, 399.8, and 347.3eV (Figure 3A) corresponding to C 1s, O 1s,
N Is, and Ca 2p, respectively. The OD-CDs were primarily composed of carbon (44.87%), oxygen (36.11%), nitrogen
(2.75%), and calcium (3.65%). The high-resolution XPS spectrum of C 1s (Figure 3B) can be resolved into four peaks
with binding energies at 284.9,285.8, 287.0, and 289.2 eV, which reflected the C-C/C=C, C-O, C=0 and C=N bonds,
respectively. The O 1s spectrum (Figure 3C) was deconvoluted into three peaks at 532.8, 531.8, and 530.9 eV, which
were assigned to O-C=0, C-OH, and C=0, respectively. The N 1s spectrum (Figure 3D) was fitted with three peaks at
399.5, 400.1, and 400.3 eV, which were attributed to N=C, C-N-C, and N-(C); bonds, respectively.*>** In addition, the
Ca 2p XPS spectrum can be curve fitted into two peak components at approximately 347.4 eV and 351.0 eV (Figure 3E),
attributed to Ca 2ps/, and 2p;,» mespectively.34

Behavioural Tests in Mice Treated with OD-CDs

Open Field Test

As shown in Figure 4B, diazepam (DZP) and high-, medium-, and low-dose OD-CDs increased the time spent in the
OFT central area (31.17 £ 6.29 s, 23.11 £ 5.09 s, 20.54 + 12.05 s, respectively) compared with the control group (19.63 +
3.31 s). Analysis revealed that DZP (P < 0.05) and high-dose OD-CDs (P < 0.01) significantly increased the time spent in
the OFT central area compared with the control group. However, as seen in Figure 4A, DZP and high-, medium- and low-
dose OD-CDs did not significantly change the locomotion distance. The data indicate that the OD-CDs may not
significantly impact their motor activity. Mice in the diazepam and OD-CDs groups had more complex activity
trajectories and traversed the central zone more frequently than the control group (Figure 4C).

Light/Dark Box Test

In addition, we tested five groups of mice using LDT. A 7-day administration with DZP and high-, medium-, and low-
dose OD-CDs increased the time spent in the light compartment (218 + 21.35 s, 206 + 32.17 s, 196 + 28.46 s, 174 +
24.36 s, respectively) compared with the control group. Furthermore, OD-CDs significantly increased the time spent in
the light compartment (P < 0.01, Figure 4D).

Elevated Plus Maze Test

The results of EPMT showed that a 7-day administration of high-, medium-, and low-dose OD-CDs significantly
increased the time spent in open arms (24.75 + 3.76 s, 24.87 £ 3.37 s, 21.31 + 5.43 s, respectively) compared with
the control group (11.47 + 3.06 s). Post hoc analysis revealed that all doses of OD-CDs significantly increased the ratio of
time spent in the open arms of the elevated plus-maze test compared with the control group, as shown in Figure 4E (P <
0.01). This result indicated that the OD-CDs may improve the exploratory activity of the mice. From the roadmap and

International Journal of Nanomedicine 2022:17 https: 4981
Dove:


https://www.dovepress.com
https://www.dovepress.com

Chen et al Dove
2500007 : 44.87% o1s
O1ls :36.11% 14000 - —
N 1s :2.75% — Fitting
200000 Ca 2p: 3.65% 1200091 Background
P ——C=N
3 ~ 100004 [—c-0
& 150000 g c-0
z = . -C/C=C
‘@ ‘? 8000 C-C
g :
+ 100000 1 Cls S 4
= Ca2s g
N1
s \ 4000 -
50000
2000 A \
R ARRATTRA
0 T T T T T ! 0+ T T T T T 1
Binding energy(ev) Binding energy(ev)
C =—O0OIs D
300004 — Fitting 4400 4 _N_1§
Background — Fitting
25000 C-OH 4200 A Background
—C= ——N-(O)
B =0 —~ 4000 - Shse
& 20000 9C0 =S
= S 3800 - CINZE
S 15000 - 2 3600
- D
= ]
= = 3400
10000
3200 - WM
5000 4 3000 -v-v—r]" B v - —
2800
0 T T T T T d T T T ]
538 536 534 532 530 528 526 404 402 400 398 396
Binding energy(ev) Binding energy(ev)
7500
Ca2p
— Fitting
Background
6000 - Ca 2p;),
] Ca2p,,
S
£z
Z 4500
i
=
3000 .
r ]
LR LAl
1500 T T T T
340 345 350 355
Binding energy(ev)

Figure 3 Surface composition and elemental analysis of Os Draconis carbon dots (OD-CDs) by X-ray photoelectron spectroscopy (XPS). (A) XPS full scan spectrum, and
high-resolution spectra of (B) C Is, (C) O Is, (D) N Is, and (E) Ca 2p.

heatmap of the mouse trajectory, the control group mice tended to be more likely to stay in the closed arms of the left and

right sides and had a propensity to explore the open arms. The mice in the diazepam group favoured staying in the central

zone and spent a higher proportion of time in the open arm. Similarly, mice in the OD-CDs groups also displayed more

exploratory behaviour in the open arm (Figure 4F and G).
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n = 7/group. **P < 0.01 and *P < 0.05 compared with the control group.
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Novelty-Suppressed Feeding Test

In the NSFT (Figure 4H), the feeding latency of mice in the control (80.75+31.64 s) and diazepam (83.38+23.79 s)
groups approximated without no significant difference after 7 days of gavage, while the latency in the OD-CDs (H 56.8
+815.58 s, M 56.50+17.22 s, L55.38426.45 s, respectively) group was significantly shortened, with a significant
difference in the medium- and low-dose groups compared with the control group (P < 0.05).

Concentrations of Neurotransmitters and HPA Hormones Following OD-CDs
Treatment

After 7 days of drug treatment with OD-CDs at three doses, the serum 5-HT concentration increased in mice when
compared with the control group, with the largest increase shown with the medium-dose treatment (Figure 5A).
Treatment with high-dose OD-CDs significantly increased the NE concentration when compared with the control groups.
There were no significant differences in NE concentration between the low, medium, and control groups (Figure 5B). The
concentrations of CRH, ACTH, and CORT were significantly decreased by treatment with high-dose OD-CDs
(Figure 5C-E) compared with the control group.

We simultaneously examined 5-HT levels in the hippocampus and cerebral cortex of mice to determine whether OD-
CDs affect the level of 5-HT in the brain tissue of mice. Based on Figure 5F, the concentration of 5-HT in the diazepam
group was not significantly different from that in the control group (P > 0.05). Nevertheless, the high (P < 0.05) and
medium (P < 0.01) doses of OD-CDs significantly elevated the concentration of 5-HT in the cerebral cortex, while the
medium dose also enhanced the concentration of 5-HT in the hippocampus (P < 0.05).

In vitro Cytotoxicity

Figure 6 shows the cell viability of RAW 264.7 cells treated with OD-CDs at eight concentrations at 10,000, 5000,
2500, 1250, 625, 312.5, 156.25, 78.13, and 39.06 pg/mL for 24 h. The OD-CDs did not influence RAW 264.7 cell
growth at concentrations up to approximately 1250 ug/mL. RAW 264.7 cells viability gently decreased as the CD

concentration increased from 1250 to 10,000 pg/mL, indicating that the cytotoxicity of OD-CDs was negligible below
1250 pg/mL.
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Figure 5 Effect of Os Draconis carbon dots (OD-CDs) on serum 5-HT, NE, CRH, ATCH, and CORT concentrations. (A) Serum concentration of 5-HT, (B) NE, (C) CRH,
(D) ACTH, and (E) CORT. (F) The concentration of 5-HT in the hippocampus and cerebral cortex. Mice were treated with normal saline (NS), diazepam (DZP), and
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Figure 6 Cell viability of RAW 264.7 cells after incubation with various concentrations of Os Draconis carbon dots (OD-CDs) for 24 h.

Discussion

As a commonly used mineral drug in TCM, fossilized bones of ancient mammals such as rhinoceroses, deer, cattle,
elephants, etc., OD has a long history of clinical applications for the treatment of neuropsychiatric disorders. Supported
by clinical evidence, the antianxiety effect of OD is explicit. Although the constituents of OD that have been described in
previous studies showed that OD mainly contains a large proportion of calcium elements and a variety of amino acids,*”
studies on the effective site of sedation and anxiolysis of OD are scant. The isolation and purification of the effective
components of the anxiolytic effect in OD and the preliminary study of their mechanism of action are the concerns of this
research.

Anxiety or fear can be induced by experiencing a novel environment that can be assessed in animals by determining
the intensity of behaviour in an unacquainted area.*® We utilized several classical animal tests including the OFT, LDT,
EMPT, and NSFT to evaluate the effect of OD-CDs on anxiety-like behaviours in mice. These behavioural tests have
excellent reliability and validity and are routinely used to assess anxiolytic activity in rodents.’’** In these four tests,
mice were introduced to the new environment and could not escape, which induced a state of anxiety. Previous studies
have shown that increased time spent in the central area in the OFT, light compartment in the LDT and open arms of the
EPMT, and less time of latency to eat is one indicator of the effectiveness of anti-anxiety drugs.>***° Our study found that
compared with NS, administration of OD-CDs for 7 days resulted in significant anti-anxiety effects, close in potency to
diazepam, a typical benzodiazepine drug that is often used in the animal model of anxiety as a positive control drug and
has a clinically stable antianxiety effect.*'**> DZP did not have sedative effects at 2 mg/kg.** To avoid the possibility of
a false-positive effect, OD-CDs were evaluated for their effects on the total distance moved during the OFT. We found
that OD-CDs (10—40 mg/kg) did not have any significant effect on locomotor activity. This indicated that the increase in
the time spent in the OFT central area, light compartment, and open arm and the shorter latency to ingestion were caused
by an anxiolytic-like, nonsedative effect.

On the one hand, nanoparticles may exert neuroprotective effects by modulating the inflammatory response and
reducing ROS.***> The other nanoscale drugs were found to improve anxiety symptoms via the gut-brain axis,*®
neurotransmitters, or other pathways.*” Research indicates that nanoparticles can enter and exit the biological barrier
via exosome transfer, which is the pathway through the blood-brain barrier for many nanomedicines to exert their
neurotherapeutic effects.** >° Based on our results, OD-CDs modified neurotransmitters and serum hormones in anxious
mice.

The pathogenesis of anxiety disorders is complex. Many hypotheses have been proposed, such as the monoamine
neurotransmitter and the hypothalamus-pituitary-adrenal (HPA) axis hypotheses.’>* The monoamine neurotransmitter
hypothesis has been widely studied. 5-HT and NE signalling pathways are a basic index of most current clinical
anxiolytics and are an important system for evaluating anxiolytic components. In addition, clinical treatment has
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shown that the concentration of 5-HT or NE gradually increases with the administration of anxiolytics, which also
indicates the improvement of symptoms.>> Thus, we sought to confirm the anxiolytic effects of the OD-CDs by
measuring the concentration of these factors. Our results showed that high-, medium- and low-dose OD-CDs and DZP
significantly increased the concentration of serum 5-HT. The 5-HT concentration in the brain differs tremendously from
that in serum, with a sharp correlation with mood regulation,®® of which its decrease triggers mood disorders.>> Hence,
we examined 5-HT in brain tissue in mice. The outcome of the experiments, at variance with the results of DZP
treatment, indicated an elevation of 5-HT concentrations in the hippocampus and cerebral cortex, and the anxiolytic effect
it exhibited correlated with the treatment with OD-CDs. In addition, a high dose of OD-CDs and DZP significantly
increased the concentration of NE. Altered concentrations of 5-HT and NE may be the source of the anxiolytic effect of
OD-CDs.

With the development of anxiety and depression, the HPA axis is activated and involved in the release of CRH from
the hypothalamus, which initiates the release of ACTH from the pituitary, ultimately resulting in CORT release from the
adrenal gland in mice.’®*>® The concentration of CRH can increase with acute and chronic stress and anxiolytic drugs can
reverse this phenomenon.’ % In addition, the synthesis and release of neurotransmitters and the levels of CRH, ATCH, and
CORT have been linked to neuropsychiatric disorders. The high-dose OD-CDs significantly decreased the concentrations
of CRH, ACTH, and CORT, further supporting the inference that OD-CDs impact the HPA axis.

The anxiolytic effect of OD-CDs, a nanomaterial found in Os Draconis, has been verified by the experimental results
of this study, which can partially clarify the basis of the pharmacological effect of Os Draconis, whereas further
exploration and research are needed to identify how OD-CDs interact with various hormones and neurotransmitters in
the HPA axis.

Conclusion

This study is the first to identify carbon nanocomponents from Os Draconis. Four behavioural tests (OFT, LDT, EPMT,
and NSFT) revealed a significant anxiolytic effect of OD-CDs treatment in mic. Meanwhile, this finding indicates that
OD-CDs partly mediate the regulation of monoaminergic neurotransmitters and the HPA axis. Furthermore, these effects
may be mediated by monoaminergic neurotransmitters and the HPA axis but specific mechanisms need to be explored
more concretely. Because of OD-CDs definite anxiolytic effect, it provides support for developing OD-CDs as a new
anti-anxiety drug and deserves further study.
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